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Abstract
The phenomenon of creation of strings, occurring when particles pass through
a domain wall and related to the Hanany-Witten effect via dualities, is dis-
cussed in ten and nine dimensions. We consider both the particle actions in
massive backgrounds as well as the 1/4-supersymmetric particle-string-domain
wall supergravity solutions and discuss their physical interpretation. In 10D we
discuss the D0-F1-D8 system in massive IIA theory while in 9D the SL(2,R)-
generalisation is constructed. It consists of (p, q)-particles, (r, s)-strings and
the double domain wall solution of the three different 9D gauged supergravities
where a subgroup of SL(2,R) is gauged.
1
1 Introduction
It is well-known that D-branes can be understood as hyperplanes on which a funda-
mental string, or F-string, can end [1]. The endpoint of an F-string appears as an
electrically charged particle on the worldvolume of the D-brane and the correspond-
ing worldvolume degrees of freedom are associated to the Born-Infeld vector. An
exception to this generic phenomenon is the D-particle, on which a single F-string
can not end due to charge conservation [2, 3]. This can be understood from the
D-particle worldline point of view since the Born-Infeld vector carries no degrees of
freedom.
The situation changes in the presence of a domain wall in which case charge
conservation no longer forbids an F-string to end on a D-particle [4]. In fact, when
a D-particle crosses a D8-brane, a stretched fundamental string with endpoints on
the D0- and D8-brane is created [5, 6, 7]. This process is, via duality, related to the
Hanany-Witten effect in which a stretched D3-brane is created if a D5-brane crosses
an NS5-brane [8]. The intersecting configuration for this case is given by1
D5 : × ××−−−×××−
NS5 : × ×××××−−−−
D3 : × ××−−−−−−×
(1.1)
The intersecting configuration of [5, 6, 7] is obtained by first applying T-duality in
the directions 1 and 2, next applying an S-duality and, finally, applying a T-duality
in the directions 6,7 and 8:
D0 : × −−−−−−−−−
D8 : × ××××××××−
F1 : × −−−−−−−−×
(1.2)
In this paper we consider two ways to represent the process that a D-particle
passing through a domain wall leads to the creation of an F-string. First of all, the
creation of the F-string is represented by a coupling to the Born-Infeld 1-form in the
massive D0-brane action [9]. Using an Einstein frame metric this action is given by
(we use hats to indicate that the corresponding object or index is ten-dimensional,
after dimensional reduction we will omit the hats):
Smassive D0−brane = T
∫
dτ
(
e−3φˆ/4
√
−X˙ µˆX˙ νˆ gˆµˆνˆ + X˙ µˆAˆµˆ +mVˆt
)
, (1.3)
where T is the tension, X µˆ(τ) are the embedding coordinates of the D-particle and
φˆ and Aˆµˆ are the IIA dilaton and R-R 1-form, respectively. The Born-Infeld vector
Vˆt appearing in the last term describes the tension of a fundamental string and the
mass parameter m signals the presence of a domain wall. Na¨ıvely, the field equation
for Vˆt would imply a vanishing mass parameter. However, the above action is not
complete as it stands, since we have to include new degrees of freedom corresponding
1Each horizontal entry indicates one of the 10 directions 0, 1, . . . , 9 in spacetime. A ×(−) means
that the corresponding direction is in the worldvolume of (transverse to) the brane.
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to strings stretched between the D-particle and the D8-brane [10,7,11]. Once this is
done, it is exactly the last term in (1.3) that leads to strings ending on the D-particle.
A second way to investigate the creation of the fundamental string is by consid-
ering the following solution2 [13] to the equations of motion of the D = 10 Romans’
massive IIA supergravity theory [14]:
d̂s
2
= −H1/8h−13/8dt2 +H9/8h−5/8dy2 +H1/8h3/8dx28 ,
Bˆty = h
−1 , Aˆt = Hh
−1 , eφˆ = H−5/4h1/4 , (1.4)
where the harmonic functions H and h are defined as
H = c+my , h = 1 +
Q
r6
, (1.5)
and the radial coordinate is given in terms of the coordinates longitudinal to the
D8-brane, r2 = x21 + . . . + x
2
8. The solution is 1/4 BPS and the Killing spinor is
annihilated by the following projectors
ΠˆD0 =
1
2(1 + Γ
0Γ11) , ΠˆF1 =
1
2 (1 + Γ
0y) , ΠˆD8 =
1
2 (1 + Γ
y) , (1.6)
where any of the three projectors can be obtained from the other two. The solution is
a harmonic superposition of two elements, which can be obtained by taking different
limits:
• The limit Q → 0 leads to the single D8-brane solution which preserves 1/2
supersymmetry.
• The limit m → 0 leads to an (infinite) F-string with D-particles smeared in
the string direction, preserving 1/4 supersymmetry. The F1- and D0-brane
charges are related and therefore it is not possible to obtain these as single
objects from the above solution.
More precisely, the flux distributions of the F-string and D-particle described by the
solution (1.4) are given by
Qˆ1 = e−φˆ ⋆ (dBˆ) = QH dΩ7 ,
Qˆ0 = e3φˆ/2 ⋆ (dAˆ−mBˆ) = Qdy ∧ dΩ7 , (1.7)
with dΩ7 the volume form of S
7. To obtain the corresponding charges these are
to be integrated over S7 and S7 × R, respectively, where S7 together with the 8D
radius r spans R8 and R covers the y-direction transverse to the domain wall. The
flux distributions are related by
dQˆ1 = mQˆ0 , (1.8)
as required by the field equation for Bˆ. This relation shows that in the presence of a
domain wall (m 6= 0), the D-particle (Qˆ0 6= 0) leads to the creation of a fundamental
2There is a similar solution in the literature [12]. We will not consider this solution here for
reasons that will be discussed later in the introduction.
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string (dQˆ1 6= 0). A similar result was obtained in [15] for the NS5-D6-D8 system,
i.e. when a NS5-brane passes through a D8-brane a D6-brane, stretched between
the NS5-brane and the D8-brane, is created. Both processes are related to the
Hanany-Witten effect via duality.
We now turn to the physical interpretation of the particle-string-domain wall
solution (1.4). It is instructive to first discuss some general issues of domain walls.
To prevent the vanishing of the harmonic function H of the domain wall, which
would imply eφˆ →∞, one has to add a source term in the transverse space, say at
y = 0. There are two distinct objects one can include:
• An object with negative tension, corresponding to an O8-plane which arises
by dividing out by Z2. The resulting harmonic function will be H = c+m|y|
with c and m positive [16,17]. Indeed H is positive for all values of y and has
a minimum at the O8-plane.
• An object with positive tension, corresponding to a D8-brane. Passing through
such a domain wall leads to a decrease of the slope of the harmonic function
[18, 16, 17]. The prime example is H = c − m|y| with c and m positive. It
follows that H will vanish for some critical value of y.
One thus finds that the introduction of D8-branes leads to zeroes in H and thus to
a ’critical distance’. It forces one to include O8-planes at a smaller distance, such
that the zero in H is avoided. In this case the relevant Z2 symmetry is given by
IyΩ, where Iy is a reflection in the transverse space and Ω is the worldsheet parity
operator. If the transverse space is R/Z2, we can take one O8 plane with R-R charge
-16 and n D8-branes and their images with n ≤ 8. For n > 8 the total tension is
positive and a zero in the harmonic will occur. On the other hand if the transverse
space is S1/Z2, i.e. y is compact, the total tension has to vanish and one is led to
type I′ string theory with two O8 planes at the two fixed points and 16 D8-branes
and their images in between [18].
We now return to the distribution of D-particles and F-strings described by (1.4).
First of all we note that all non-zero tensor components of (1.4) are even under the
relevant Z2-symmetry IyΩ. If this were not the case, see e.g. some of the solutions
of [12, 15], one is forced to include a source term, corresponding to the non-zero
tensor components, which is smeared over a 9D hyperplane. The only odd field
that we allow for is the mass parameter and the corresponding source terms are
the domain walls. The supergravity solution (1.4) that we consider only has even
non-zero tensor components and the inclusion of source terms for this solution was
discussed in [19]3, resulting in a globally well-defined solution on S1/Z2. We will
now discuss its physical implications.
We note that the distribution of F-strings is linear in H, see eq. (1.7). When we
are dealing with a D8-brane, we have H = c −m|y| which is a linearly increasing
function when going towards the domain wall. This is in agreement with the idea
of creation of strings when passing through a D8-brane [5, 6, 7]. It is pictorially
given in figure 1, where we have taken all D8-branes to coincide with one of the
3The particle and strings source terms of [19] are smeared in the y-direction and directly relate
to the charge distributions (1.7).
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orientifolds. The strings are unoriented due to the identification y ∼ −y which
superposes two strings of opposite orientation, see e.g. [7]. It should be noted that
the linear behaviour of Q1 is an artifact of the coordinate frame for the transverse
coordinate y. The important feature is that it is monotonically increasing when
approaching the domain wall.
             
  F1D0O8
+16−16
O8 + 32 D8
Figure 1: The creation of strings in type I′: a (continuous) distribution of D-particles
with a monotonically increasing distribution of unoriented F-strings ending on the
D8-branes. The distribution of these F-strings has a maximum at the position of the
D8-branes.
It is the aim of this paper to investigate the above situation and to generalise
it to D = 9 dimensions. We will show that in D = 9 there is a natural SL(2,R)-
generalisation which consists of (p, q)-particles, (r, s)-strings and the double domain
wall solution [20] of the three different 9D gauged supergravities where a subgroup
of SL(2,R) is gauged [21, 22, 20, 23]. We will describe this situation both from the
point of view of a (p, q)-particle action in a massive background as well as from the
corresponding D = 9 particle-string-domain wall solution.
The outline of the paper is as follows. In section 2, we perform a Scherk-Schwarz
double dimensional reduction of the (p, q)-string in a type IIB background and ob-
tain the action for a (p, q)-particle in a gauged 9D supergravity background. In
section 3, we construct the general D = 9 particle-string-domain wall supergravity
solution that corresponds to the creation of strings in 9D. In both sections (actions
and solutions) we discuss the relation between the new results in 9D and the known
examples in 10D. Finally, in section 4 we discuss our results, their physical inter-
pretation and conclude. We have included three Appendices. Appendix A gives our
conventions, appendix B gives some technical details related to the Scherk-Schwarz
double dimensional reduction and appendix C discusses different formulations of the
(p, q)-string action.
2 The (p, q)-Particle in Gauged 9D Supergravity
In this section we will generalise the D-particle action [24] in the massive IIA back-
ground to the (p, q)-particle action in the different 9D gauged supergravity back-
grounds of [21].
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2.1 The (p, q)-String in IIB
Our starting point is the SL(2,R)-covariant action [25, 26] (our notation can be
found in appendix A)
S =
1
2
∫
d2σλ (gˆ +ΦΦ¯) , (2.1)
where
Φ =
1
2
ǫijFˆij = ∗Fˆ , Fˆ = eφˆ/2(τˆ Fˆ1 + Fˆ2) , Fˆr = dVˆr − Bˆr . (2.2)
Here Vˆr is the doublet of vectors living on the worldvolume, with r = 1, 2 referring
to the NS-NS and R-R sector, respectively. For the D-string, the doublet of vectors
is the Born-Infeld vector as well as a vector generating the D-string tension. In order
to apply the Scherk-Schwarz reduction in the following section, it is convenient that
we work with an SL(2,R)-covariant action. The complex scalar τˆ = χˆ + ie−φˆ
consists of the axion χˆ and the dilaton φˆ and gˆ is the determinant of gˆij , which is
the Einstein frame metric. The hats indicate that we are dealing with a string in a
10D background, whereas unhatted fields will be used after dimensional reduction.
The background fields are pulled back to the worldvolume, i.e.
gˆij = ∂iX
µˆ∂jX
νˆ gˆµˆνˆ Bˆij = ∂iX
µˆ∂jX
νˆBˆµˆνˆ . (2.3)
We can write the last term in (2.1) as
ΦΦ¯ = Mˆrs ∗ Fˆr ∗ Fˆs , (2.4)
where the matrix Mˆ can be written in terms of the axion and the dilaton as
Mˆ = eφˆ
( |τˆ |2 χˆ ,
χˆ 1
)
. (2.5)
By using the field equation for the vectors one can dualise these into constants.
For instance, by integrating out both vectors, the action for the fundamental string
is obtained, whereas the D-string action follows after integrating out Vˆ2. This is
discussed in detail in appendix C.
2.2 Double Dimensional Reduction
We will now perform a double dimensional Scherk-Schwarz reduction of the SL(2,R)-
covariant string action in ten dimensions to obtain an SL(2,R)-covariant action of
particles coupled to a massive supergravity background in nine dimensions [21].
Unlike ordinary Kaluza-Klein reduction, where the background fields are assumed
to be independent of the reduction coordinate, with Scherk-Schwarz reduction [27]
of type IIB supergravity the background fields get an x-dependence through an
SL(2,R)-transformation, but in a way such that the reduced action is independent
of the reduction coordinate. The reduction coordinate is now the spatial coordinate
of the string, x = σ, and therefore we have to perform a Scherk-Schwarz reduction
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Gauge group α2 (m1,m2,m3) (µ1, µ2)
R 0 (0,m,m) (0, 2m)
SO(2) −m2 (0, 0, 2m) (2m, 2m)
SO(1, 1) m2 (0, 2m, 0) (−2m, 2m)
Table 1: The different choices of mass parameters and the corresponding different
gauge groups. For later reference we also give µ1 = −m2 +m3 and µ2 = m2+m3.
of both the background and the worldvolume fields. For the background, the x-
dependent SL(2,R)-transformation is
Ω = exp(xM) =
(
cosh(αx) + 12m1 sinh(αx)
1
2α (m2 +m3) sinh(αx)
1
2α(m2 −m3) sinh(αx) cosh(αx) − 12m1 sinh(αx)
)
, (2.6)
where the mass matrix is defined as
M rs =
1
2
(
m1 m2 +m3
m2 −m3 −m1
)
, (2.7)
and we have used the SL(2,R)-invariant quantity
α2 = det (M) =
1
4
(m21 +m
2
2 −m23) . (2.8)
This gives rise to three different conjugacy classes of SL(2,R), corresponding to
α2 > 0, α2 = 0 and α2 < 0, which is just the light-cone structure of the isomorphic
group SO(2,1) [22,23,20]. A representative for each class is given in table 1.
The reduction Ansatz can be found in appendix B. For the fields that are tensor
valued under SL(2,R) we have
Mˆrs = ΩrpΩsqMpq , Bˆr = (Ω−1T )rsBs , (2.9)
where unhatted fields are 9D fields. Since the nine-dimensional coordinates Xµ are
independent of σ, the 1-components of the 9D fields pulled back to the worldline are
zero. The pulled-back quantities become
gˆij = e
−
√
7ϕ/2
(
X˙µX˙νgµν + X˙
µX˙νAµAν −X˙µAµ
−X˙µAµ 1
)
,
(Bˆr)01 = −X˙µ(Ar)µ . (2.10)
The worldvolume vector should now be transformed with the SL(2,R) matrix and
therefore acquires a σ-dependence, in contrast to ordinary Kaluza-Klein reduction,
where σ-derivatives of the worldvolume vector can be dropped. Because of the
worldline indices, the doublet of vectors splits into a doublet of scalars and a doublet
of worldline vectors
(Vˆr)1 = (Ω
−1T )r
sSr , (Vˆr)0 = (Ω
−1T )r
sVr . (2.11)
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The resulting action is σ-independent and the integration over σ therefore just yields
a constant, which we can normalise to 1. The action can be interpreted as the action
for 0-branes with charges qr coupled to 9-dimensional massive supergravity
S =
1
2
∫
dτ λ
(
e−3ϕ/
√
7X˙µX˙νgµν +MrsPrPs
)
, (2.12)
where
Pr = S˙r + X˙
µ(Ar)µ +M
s
rVs . (2.13)
The charges qr = (p, q) are encoded in the worldline scalars Sr and refer to the
NS-NS and R-R sector, respectively. Indeed, one can manipulate the form of the
action by dualising the scalars Sr into constants q
r4. To make the charges explicit,
we add a surface term without changing the equations of motion:
S =
1
2
∫
dτ λ
(
e−3ϕ/
√
7X˙µX˙νgµν +MrsPrPs
)
+ qr
∫
dτ S˙r . (2.14)
Using the equations of motion for λ and the doublet of worldvolume scalars S˙r, we
get an action which depends on the metric via a square root
S =
∫
dτ
√
qrMrsqs e−3ϕ/2
√
7
√
−X˙µX˙νgµν − qr
∫
dτ (X˙µ(Ar)µ+M
s
rVs) . (2.15)
It is the last term that is of particular interest to us and it is the natural generali-
sation of the 10D IIA coupling appearing in (1.3). It is related to the generalisation
of the creation of strings in a massive background since
• The qr are the NS-NS and R-R charges of the (p, q)-particle, respectively.
• The matrix M sr characterises the massive background and specifies which of
the three gauged supergravities it corresponds to.
• The Vs are the worldline vectors that correspond to the endpoints of the D-
string and F-string on the (p, q)-particle worldline, respectively.
We will comment further on how the last term in this action is related to the creation
of strings in the discussion. Before ending this section we show that the Kaluza-
Klein reduction of the D-particle yields a special case of the actions constructed
above.
2.3 Relation to the D-Particle in Massive IIA
Romans’ massive type IIA supergravity in 10 dimensions is related to type IIB
supergravity via massive T-duality. In particular, KK-reduction of Romans’ super-
gravity to 9 dimensions yields the same result as Scherk-Schwarz reduction of type
IIB with the mass parameters m1 = 0 and m2 = m3 = m. Actions for D-branes
coupled to Romans’ massive supergravity have been obtained [24, 28]. The result
4This is analogous to the different forms of the (p, q)-string action, where one can dualise the
vectors Vˆr into constants qˆ
r. This is discussed in detail in appendix C.
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is a standard action plus a topological mass term. By direct KK-reduction of the
massive D0-brane action, the particle action from the previous section should be re-
produced with the above mass parameters. By applying the appropriate reductions,
it was shown in [24] that the D0- and D1-brane actions yield the same action in
nine dimensions. We will here show explicitly that the massive D0-brane action can
be reduced to a special case of the SL(2,R)-covariant 0-brane action derived in the
previous subsection.
The massive D0-brane action in 10 dimensions is given in (1.3). As for the actions
in the first subsections, there also exists a “squared” version of the D0-brane action,
which is obtained by adding a tension field
S =
∫
dτ λ˜
(
e−3φˆ/2X˙ µˆX˙ νˆ gˆµˆνˆ + (∗F˜ )2
)
− T
∫
dSˆ2 , (2.16)
where
F˜ = dSˆ2 + dτ (X˙
µˆAˆµˆ +mVˆt) . (2.17)
We now perform a KK-reduction of this action. The reduction coordinate becomes
a worldvolume scalar x = S1. Using the reduction Ansatz from appendix B, we get
S =
1
2
∫
dτ λ˜
(
e−3ϕ/
√
7e−φX˙µX˙νgµν + (e
−2φ + χ2)(X˙µ(A1)µ + S˙1)
2
+2χ(S˙2 + X˙
µ(A2)µ −mVt)(S˙1 + X˙µ(A1)µ)
)
− T
∫
dτ S˙2 . (2.18)
We can add a surface term for S˙1 without changing its field equation. Upon making
the identifications V1 = −Vˆt the action looks as follows:
S =
1
2
∫
dτ λ
(
e−3ϕ/
√
7X˙µX˙νgµν +MrsPrPs
)
+ qr
∫
dτ S˙r , (2.19)
where q2 = −T and we have used that the mass matrix in this case has the form
M =
(
0 m
0 0
)
. (2.20)
Finally, writing q1 as an integer times the string tension, i.e. q1 = Tp with p
integer, we conclude that the massive D0-brane action reduces to a massive action
for a 0-brane with charge (q1, q2) = (−q2, q1) = T (1, p), i.e. a (1, p) 0-brane.
3 Particle-String-Domain Wall Solutions in 9D
As explained in the introduction, one can look for supergravity equivalents of the
creation of strings in massive D = 9 backgrounds. We first discuss the most general
domain wall solutions of the 9D gauged supergravities. Next, we construct a general
solution of particles, strings and domain walls. We will show that it contains the
Kaluza-Klein reduction of the D0-F1-D8 solution [13] of Romans’ supergravity as a
special case.
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3.1 The Double Domain Wall in 9D
We first consider domain walls in 9D gauged supergravities. Each supergravity con-
tains three mass parameters m1,m2 and m3. The supersymmetry transformations
of the fermions, which we will need below, are given in (B.3). We first note that one
can always perform an SL(2,R) transformation to set m1 = 0. This corresponds to
diagonalising the symmetric version of the mass matrix
Mrs = ǫrtM
t
s =
1
2
(
µ1 0
0 µ2
)
, (3.1)
where we have introduced
µ1 = −m2 +m3 , µ2 = m2 +m3 . (3.2)
By choosing appropriate values for µ1 and µ2 one can still cover each of the three
conjugacy classes of SL(2,R), as shown in table 1.
Using the projector (y indicates a tangent space direction, see appendix A)
ΠDW =
1
2 (1 + γ
y) , (3.3)
one can find the 1/2 BPS domain wall solution
ds2 = (h1h2)
1/14(−dt2 + dx27) + (h1h2)−3/7dy2 ,
eφ = h
1/2
1 h
−1/2
2 , e
√
7ϕ = (h1h2)
−1 , (3.4)
ǫ = (h1h2)
1/56 ǫ0 ,
with harmonic functions
h1 = µ1y + c1 , h2 = µ2y + c2 . (3.5)
This is the most general domain wall solution with ISO(1, 7) isometry and is in
itself a harmonic superposition of the domain walls with harmonics h1 and h2. The
two domain walls, which are parallel, thus form a threshold bound state. Similar
domain wall solutions to gauged supergravities have been found in D = 4, 5, 7 and
8 [29,30,31].
The domain walls of the three 9D gauged supergravities were classified in [20]
(for other discussions of 9D domain walls, see [32, 33]). The results of [20] can be
related to the general double domain wall (3.4) by two operations. First of all one
has to perform an SL(2,R) transformation which chooses the frame with χ = 0.
This can always be done without modifying the mass parameters. In addition one
has to perform a coordinate transformation defined by
h1(y)h2(y) = H˜(y˜)
2 , (3.6)
where the function H˜(y˜) appears in the metrics of [20] and is not necessarily har-
monic. Note that each different conjugacy class has a different function H˜(y˜) and
therefore requires a different coordinate transformation.
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The double domain wall can be truncated to a single domain wall when restricting
the constants ci. The single domain walls correspond to the situation where one
of the domain walls has been taken away or where the positions of the parallel
domain walls coincide. In table 2 we give the two possible truncations leading to
single domain walls and the corresponding value of ∆ as defined in [34]. Note that
the SO(2) case can not be assigned a ∆-value since it has vanishing potential, as
already noted in [20]. The domain wall is carried by the non-vanishing massive
contributions to the BPS equations. In other words, the potential is zero but there
is a non-vanishing superpotential.
Gauge group (µ1, µ2) h1 h2 ∆
R (0, 2m) c1 2my + c 4
SO(2) (2m, 2m) 2my + c 2my + c ×
Table 2: The single domain walls as truncations of the double domain wall solution.
We give the two possible truncations and the corresponding value of ∆. Note that
there does not exist a ∆-value in the SO(2) case due to the vanishing of the potential.
3.2 Intersections with Particles and Strings
We will start from a general Ansatz, respecting SO(7) symmetry. The fields are
thus allowed to depend on r = (x1
2 + . . . + x7
2)1/2 and the transverse direction y.
Our strategy will be to solve the BPS-equations obtained from the supersymmetry
variations of the fermions. We will include the field strengths rather than the po-
tentials in the Ansatz, since it is the former which enter the BPS equations. The
independent fields and tensor components then are
{gtt, gii, gyy, φ, ϕ, χ, Fty , Fti, F rty , F rti,Hrtyi,Hrtij} , (3.7)
with the field strengths are given in terms of the potentials as
F = dA , F r = dAr −M rsBs , Hr = dBr −A ∧ F r . (3.8)
Here r = 1, 2, the index i is running from 1 to 7 and we have dependence on r
and y only. The upper indices on the curvatures are the SL(2,R)-indices, which
9-dimensional supergravity inherits from type IIB in 10 dimensions. Note that
F r = ǫrsFs and the same for H
r. We use a notation where F1 = −F 2 is a NS-NS
field and F2 = F
1 is a R-R field and similarly for H. We have not included the four-
form field strength G nor tensor components lying purely in the spatial directions,
since these correspond to p-branes with p = 2, . . . , 5 which we do not want in our
solution. We use the following parametrisation for the Killing spinor:
ǫ = f1(r, y) e
if2(r,y) eifµν(r,y)γ
µν
ǫ0 , (3.9)
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with f1, f2 and fµν real. In analogy with the solution (1.4) for the Romans’ mass
parameter, we will assume that the r and y coordinates can be separated in a
product, i.e. f(y, r) = f(r) f(y). This goes for all quantities in (3.7) and (3.9) with
the understanding that for the two dilatons we use eφ and eϕ rather than φ and ϕ.
This assumption will simplify the equations drastically.
The BPS-equations are obtained by requiring the spinor ǫ to be annihilated by
the projection operators for the relevant branes. We search for solutions, which
include domain walls, strings and particles. Since we search for 1/4 BPS solutions
the 3 projection operators corresponding to the domain walls, strings and particles
should not be independent. In other words, once we have two of the operators, the
third should follow as a combination of these. As mentioned in the previous section,
we have the possibility of SL(2,R) doublets of both the particles and the strings.
By analysing the supersymmetry variations in Type IIB in D = 10, it can be seen
that the projectors for the F1- and the D1-strings are actually different, and this
will therefore also be the case for the strings and particles in D = 9. Choosing a
specific string projector corresponds to choosing an SL(2,R)-frame. We take the
following projectors
ΠD0 =
1
2(1 + γ
0∗) , ΠF1 = 12(1 + γ0y∗) , ΠDW = 12(1 + γy) , (3.10)
where ∗ is seen as an operator, i.e. ∗ǫ = ǫ∗. Any third projector is implied by the
other two:
ΠDW = ΠD0 +ΠF1 − 4ΠD0ΠF1 , (3.11)
and cyclic. Since ǫ transforms under SL(2,R), the choice of SL(2,R)-frame can
be seen as a choice of ǫ. To get the most general solution, we should keep the
mass parameters as general as possible. We can, however, still perform SL(2,R)
transformations, which are upper triangular, without changing ǫ. This can easily be
seen by noting that ǫ transform as
ǫ→
(cτ∗ + d
cτ + d
) 1
4
ǫ (3.12)
under the SL(2,R)-transformation
Λ =
(
a b
c d
)
. (3.13)
We see that ǫ is invariant for c = 0. The mass matrix transforms under Λ as well.
Even with c = 0 we can always use Λ to put m1 to zero.
Analysing the BPS equations we find that, in order to make up the relevant
projection operators, the following components must be put to zero:
Fty = Fti = F
2
ty = F
2
ti = H
r
tij = H
1
tyi − χH2tyi = 0 . (3.14)
The Bianchi identity for F 2 reads dF 2 = 12µ1H
1. Since F 2 = 0, this will lead to
further restrictions when µ1 is non-vanishing. We find that H
1 = 0 and, using (3.14),
also χH2tyi = 0. We require H
2 = −H1 6= 0, since otherwise no F-strings would be
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present and we conclude that χ = 0 if µ1 6= 0. If µ1 = 0, one can draw the same
conclusion but from a different argument. In this case, the BPS equations directly
imply ∂µχ = 0 and therefore χ is a constant. The only non-zero mass parameter µ2
gauges the R subgroup of SL(2,R), which shifts the axion. Thus one can always use
a global gauge transformation to set χ = 0. Then (3.14) implies H1 = 0. On top
of this we take F 1ty = 0 since a non-zero value requires D0-brane sources smeared
on the domain-wall worldvolume and we want to avoid such ’walls’ of D0-branes
(see also the introduction and Conclusions). We thus find that, for all values of the
mass parameters, we are left with just two non-vanishing tensor components, F 1tr
and H2tyr.
We now substitute our Ansatz in the supersymmetry variations of the fermions,
which are given in appendix B. Requiring δλ = δλ˜ = 0 leads to first order differential
equations for the dilatons, which also depend on the other fields. From δψµ = 0 we
get first order differential equations for the metric as well as differential equations
for the functions which define ǫ. At this stage, the solution to the BPS-equations
contains two undetermined functions, one depending on r and one depending on y.
The latter can be fixed arbitrarily by using a general coordinate transformations in
y. To determine the function of r, we need at least one field equation, e.g. the one
for ϕ. We have computed this field equation, and the result is that the r-dependent
function can be expressed in terms of a harmonic function. The resulting particle-
string-domain wall solution can be expressed in a unified way, i.e. including all cases
α2 = 0, α2 > 0 and α2 < 0, as follows
ds2 = −(h1h2)1/14h−11/7dt2 + (h1h2)−3/7h−4/7dy2 + (h1h2)1/14h3/7dx27 ,
eφ = h
1/2
1 h
−1/2
2 , e
√
7ϕ = (h1h2)
−1h ,
A1t = −h1/22 h−1 , B2ty = h−1/22 h−1 , (3.15)
ǫ = (h1h2)
1/56h−11/28 ǫ0 .
The solution is given in terms of three harmonic functions
h1 = µ1y + c1 , h2 = µ2y + c2 , h = 1 +
Q
r5
. (3.16)
The µ’s are given in terms of the mass parameters in (3.2) and c1 and c2 are inte-
gration constants. Just as in D = 10, the solution is a harmonic superposition of
D-particles, F-strings and domain walls with string and particle fluxes
Q1 = e−φ−ϕ/
√
7 ⋆ (dB2) = Qh2
1/2 dΩ6 ,
Q0 = −eφ+3ϕ/
√
7 ⋆ (dA1 − 12µ2B2) = Qh2−1/2 dy ∧ dΩ6 , (3.17)
with dΩ6 the volume form of the S
6. The charges are obtained by integrating the
fluxes over S6 and S6 × R, respectively, where the S6, together with the 7D radius
r, spans R7 and R covers the y-range. The flux distributions are related by
dQ1 = −12µ2Q0 , (3.18)
as required by the B2 equation of motion.
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Of course one can perform an SL(2,R) transformation on the solution (3.15)
and obtain intersections with more general strings and particles. The SL(2,R)
generalised flux distributions are given by
Q1r = e−ϕ/
√
7Mrs ⋆ (dBs) = q1rQ1 ,
Q0r = e3ϕ/
√
7Mrs ⋆ (dAs −M stBt) = q0rQ0 . (3.19)
In this notation the F-strings and D-particles (3.17) have charges q1
r = (1, 0) and
q0
r = (0, 1). A transformation with parameter
Λ =
(
r p
s q
)
∈ SL(2,R) , (3.20)
would take the distributions of F-strings and D-particles (3.17) to q1
r = (r, s) and
q0
r = (p, q). This corresponds to (p, q)-particles and (r, s)-strings subject to the
condition qr − ps = 1. Furthermore, the SL(2,R) transformation (3.20) rotates the
diagonal background (3.1) into
Mrs =
1
2
( −m′2 +m′3 m′1
m′1 m
′
2 +m
′
3
)
= 12
(
q2µ1 + s
2µ2 −pqµ1 − rsµ2
−pqµ1 − rsµ2 p2µ1 + r2µ2
)
.
(3.21)
From now on we will omit the primes on the mass parameters. Thus we find that
the most general intersection of (p, q)-particles, (r, s)-strings and an (m1,m2,m3)-
domain wall is subject to two conditions:
• The SL(2,R) condition qr − ps = 1 should be satisfied. This condition re-
quires orthogonality of the strings and particle charges. It can be expressed
as q1
rq0r = 1.
• The form of the mass matrix (3.21) is given in (3.21). This mass matrix
contains only two independent parameters µ1 and µ2 rather than three for
an arbitrary but symmetric mass matrix. This restriction corresponds to
q1
rMrsq0
s = 0.
The two orthogonality conditions are manifestly SL(2,R)-invariant and the param-
eters µ1 and µ2 specify the only SL(2,R)-orbits that solves the BPS equations.
The physical picture consists of a distribution of particles from which strings are
emanating towards the domain wall, like in the IIA case. However, we now have
an SL(2,R) generalisation of (r, s)-strings stretching between (p, q)-particles in an
(m1,m2,m3)-background with two orthogonality conditions. The two conditions
reduce the seven parameters to five, three of which correspond to the SL(2,R)
freedom while the two remaining parameters are µ1 and µ2. In addition the charge
Q is the unit string charge. The general solution is illustrated in figure 2. The
interval in this case is Max(−µ1/c1,−µ2/c2) < y < 0 with all µi and ci positive.
Note that the charge distribution of the strings is not linear, as opposed to the
massive IIA solution in 10D. This is due to the freedom of reparametrising the y-
coordinate; the important feature is that Q0 is continuous and positive, implying Q1
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(m1,m2,m3)−background
             
  (p,q)−particle
(r,s)−string
Figure 2: The creation of strings in 9D: a (continuous) distribution of (p, q)-particles
with a monotonically increasing distribution of emanating oriented (r,s)-strings in
an (m1,m2,m3)-background. There are two orthogonality conditions on the charges.
Note that no source term has been included.
to be monotonically increasing on this interval. In the discussion we will comment
on the possibility of extending the interval to a globally well-defined solution.
One can take different limits of the general solution (3.15). First of all, one can
set the parameter µ1 = 0. This case corresponds to the reduction of the massive
IIA solution of [13] and indeed the Kaluza-Klein reduction of (1.4) along one of the
worldvolume directions of the D8-brane gives (changing y to y˜ for reasons that will
become clear shortly)
ds2 = −H1/7h−11/7dt2 +H8/7h−4/7dy˜2 +H1/7h3/7dx27 ,
eφ = H−1 , e
√
7ϕ = H−2h , (3.22)
B2ty˜ = h
−1 , A1t = Hh
−1 ,
where the harmonic functions are defined as
H = c+my˜ , h = 1 +
Q
r5
. (3.23)
The above is a special solution to the 9-dimensional gauged supergravity where the
mass parameters obey µ1 = 0 and µ2 = 2m. Exactly the same identifications were
found in the case of the reduced massive D-particle, see eq. (2.20). It is related
to the generic solution (3.15) by a coordinate transformation y = y(y˜) defined by
h2(y) = H(y)
2 which is a special case of (3.6).
Another possible truncation of the general solution (3.15) is obtained by setting
both mass parameters µ1 and µ2 equal to zero. This yields a harmonic superposition
of the F-string solution with a distribution of D-particles on it. The two charge
distributions are related (both are linear in Q) and therefore it is impossible to
obtain either one separately.
4 Discussion and Conclusions
In this paper we have investigated (p, q)-particles in gauged 9D supergravities from
two perspectives: the (p, q)-particle brane action in a massive background and a
corresponding supergravity solution. It is interesting that in both approaches it is
possible to generalise the striking features of the corresponding 10D IIA system:
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• In the (p, q)-particle brane action in a massive 9D background, see (2.15), a
mass term similar to the coupling of the D-particle Born-Infeld vector to the
background (1.3) occurs.
• The supergravity solution (3.15) consists of a smeared distribution of (p, q)-
particles, from which (r, s)-strings are emanating and ending on the (m1,m2,m3)-
domain wall. There are two orthogonality conditions on the seven parameters,
as discussed in subsection 3.2. This is the natural generalisation of the 10D
IIA solution (1.4).
We now would like to discuss a number of open issues associated to the new particle-
string-domain wall system.
At first sight the mass term in the (p, q)-particle brane action seems non-sensical
since it introduces non-propagating worldline vectors Vr as Lagrange multipliers.
The corresponding constraints seemingly imply that the mass parameters must be
vanishing, which would lead to the massless background. The situation is identical
in 10D IIA, where the na¨ıve field equation for the Born-Infeld vector is m = 0. As
discussed in the introduction and explained in [10, 7, 11], the resolution lies in the
inclusion of extra degrees of freedom corresponding to strings stretched between the
particle and the domain wall. We suggest that a similar mechanism occurs in 9D
and relates the mass term to the creation of strings. It would be interesting to see
whether this could reproduce the orthogonality constraints on the charges found in
our supergravity solution.
As discussed in the introduction, the occurrence of domain walls with positive
tension leads to a harmonic function that vanishes at a point in the transverse space.
To avoid this, one has to include orientifold planes with negative tension as well,
which can be introduced by modding out the theory with a Z2-transformation. In
10D IIA the relevant symmetry is IyΩ, which introduces (in the case of y compact)
16 D8-branes and their images and two O8-planes. In 9D the relevant Z2-symmetry
can be obtained from the IIA transformation IyΩ by the reduction in a direction
other than y. Alternatively, one could reduce the IIB transformation (−)FLIxyΩ in
the x direction. Upon reduction these give the same transformation and therefore
are T-dual [17]. In particular, the 9D Z2-symmetry acts on the mass parameters as
Mrs → −Mrs. Thus all three mass parameters flip sign. However, one can always
use an SL(2,R)-transformation to set m1 = 0. Then one is left with µ1 and µ2 and
since both mass parameters flip sign, one introduces orientifold planes which carry a
charge of −16 with respect to both µ1 and µ2. Taking y compact (for a non-compact
transverse space the discussion is analogous), one also has to introduce a number of
positive tension branes to cancel the total charges. For the µ2-charge this correspond
to 32 D7-branes. The cancellation of µ1-charge requires 32 Q7-branes, which are
defined as S-duals of the D7-branes. Thus the following picture seems to emerge:
• Two orientifold planes, one at each of the fixed points of the S1, each carrying
a charge of (−16,−16) with respect to the two mass parameters (µ1, µ2).
• Sixteen D7-branes and their images, located at arbitrary points between the
two O7-planes and each carrying a charge of (0, 1).
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• Sixteen Q7-branes and their images, defined as S-duals of the D7-branes, also
distributed between the two O7-planes and each carrying a charge of (1, 0).
Depending on the positioning of the various 7-branes, the mass parameters can take
different values. Note that the gauge group can change when passing through a 7-
brane, since it can affect only µ1 or µ2 and thus α
2 = −14µ1µ2 need not be invariant.
The reduction of the type I′ theory would correspond to a special case of this general
set-up, in which eight of the Q7-branes and their images are positioned at each O7-
plane, thereby cancelling the (−16, 0) charge and inducing µ1 = 0 everywhere in the
bulk5.
The 9D particle-string-domain wall solution (3.15) corresponds to a region be-
tween two domain walls on the S1/Z2, as illustrated in figure 2. We now discuss the
possibility of extending this to a globally well-defined solution by including source
terms for the domain walls and the particle-string intersection. Note that all tensor
components of (3.15) are even under the relevant 9D Z2-symmetry. In fact, the
reason to discard the possibility of non-zero F 1ty was its odd transformation under
this Z2-symmetry
6. Thus one is led to think that it is possible to embed the solu-
tion (3.15) in a globally well-defined solution on S1/Z2. This is illustrated in figure
3, where all D7- and Q7-branes are taken to coincide with one of the orientifold
planes. It would be interesting to investigate the boundary conditions in a manner
analogous to the IIA analysis of [19].
             
 
O7
(−16,−16) (+16,+16)
(r,s)−string
(p,q)−particle
O7 + 32 Q7 + 32 D7
Figure 3: The creation of strings in 9D on S1/Z2: a (continuous) distribution
of (p,q)-particles with a monotonically increasing distribution of unoriented (r,s)-
strings ending on the D7- and Q7-branes.
To conclude, the results of this paper suggest new possibilities of string creation
in nine dimensions that are not the result of the reduced Type I′ mechanism. It
would be a challenge to confirm this phenomenon from a string theory analysis.
Acknowledgements
We thank Fabio Riccioni, who was involved at an early stage of this work. This work
is supported in part by the European Community’s Human Potential Programme
5Toroidal compactifications of type I′ string theory have been considered in [35] from a somewhat
different point of view. It would be interesting to link its results to the analysis of this paper. We
thank S. Chaudhuri for a discussion on this point.
6This is similar to the IIA discussion in the introduction concerning the solution of [12].
17
under contract HPRN-CT-2000-00131 Quantum Spacetime, in which the University
of Groningen is associated with the University of Utrecht. The work of U.G. is
part of the research program of the “Stichting voor Fundamenteel Onderzoek der
Materie” (FOM).
A Conventions
Greek indices µ, ν, ρ, . . . denote curved spacetime indices while Latin a, b, c . . . indices
are tangent spacetime indices. They are related by the vielbeins eµ
a and inverse viel-
beins ea
µ. Explicit indices 0, . . . , 9 are underlined for tangent spacetime coordinates
and not underlined for the curved coordinates. We use hats for 10-dimensional ob-
jects (both IIA and IIB) and no hats for 9-dimensional objects. We use mostly plus
signature (− + · · ·+) and our metric is always given in Einstein frame. i, j, . . . are
worldvolume indices while r, s, . . . are SL(2,R)-indices. Indices of the latter type
can be raised and lowered with ǫrs and ǫrs, with ǫ
12 = +1 and ǫ12 = −1.
B Reduction Ansa¨tze and 9D Supersymmetry
For type IIB, the reduction is
eˆµˆ
aˆ =
(
e
√
7ϕ/28eµ
a −e−
√
7ϕ/4Aµ
0 e−
√
7ϕ/4
)
,
(Bˆr)µν = (Ω
−1T )r
s(Bs)µν , (B.1)
(Bˆr)µx = −(Ω−1T )rs(As)µ ,
Mˆrs = ΩrpΩsqMpq .
For type IIA, the reduction is
eˆµˆ
aˆ =
(
eφ/16−3ϕ/16
√
7eµ
a e−7φ/16+3
√
7ϕ/16(A1)µ
0 e−7φ/16+3
√
7ϕ/16
)
,
Bˆµν = −(B1)µν + 2(A1)[µAν] ,
Bˆµx = −Aµ , (B.2)
Aˆµ = −(A2)µ + χ(A1)µ ,
Aˆx = −χ ,
φˆ =
3φ
4
+
√
7ϕ
4
.
The supersymmetry variations of the fermions in 9D gauged supergravity are
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given by (in the conventions of [36])
δψµ = Dµǫ+
i
16e
−2ϕ/
√
7
(
5
7γµγ
(2) − γ(2)γµ
)
F(2)ǫ ,
− 18·2!e3ϕ/2
√
7
(
5
7γµγ
(2) − γ(2)γµ
)
eφ/2
(
F 1 − τF 2)
(2)
ǫ∗ ,
+ i8·3!e
−ϕ/2
√
7
(
3
7γµγ
(3) + γ(3)γµ
)
eφ/2
(
H1 − τH2)
(3)
ǫ∗ ,
− 18·4!eϕ/
√
7
(
1
7γµγ
(4) − γ(4)γµ
)
G4ǫ+
1
7γµWǫ ,
δλ˜ = i/∂ϕ ǫ∗ − 1√
7
e−2ϕ/
√
7 /Fǫ∗ − 3i
2·2!
√
7
e3ϕ/2
√
7eφ/2γ(2)
(
F 1 − τ∗F 2)
(2)
ǫ ,
+ 1
2·3!
√
7
e−ϕ/2
√
7eφ/2γ(3)
(
H1 − τ∗H2)
(3)
ǫ ,
+ i
4!
√
7
eϕ/
√
7 /G4ǫ
∗ + 4i
δW
δϕ
ǫ∗ ,
δλ = i/∂φ ǫ∗ − eφ/∂χ ǫ∗ − i2·2!e3
√
7ϕ/14eφ/2γ(2)
(
F 1 − τF 2)
(2)
ǫ ,
− 12·3!e−
√
7ϕ/14eφ/2γ(3)
(
H1 − τH2)
(3)
ǫ+ 4i
(δW
δφ
+ ie−φ
δW
δχ
)
ǫ∗ , (B.3)
where the superpotential is given in terms of the scalars and mass parameters as
W = 14e
2ϕ/
√
7
(
m2 sinh(φ) +m3 cosh(φ) +m1e
φχ− 12(m2 −m3)eφχ2
)
. (B.4)
C Formulations of the (p, q)-String Action
In this appendix we will show how to relate the SL(2,R)-covariant form of the (p, q)-
string action (2.1) to other formulations of the D- or F-string [26,37]. The basic idea
is that a vector on a worldsheet carries no degrees of freedom and therefore can be
dualised into a constant. Thus there are different ways to represent the same field
equations.
To bring the action into the standard form, it is convenient to add a surface
term, which doesn’t change the equations of motion
S =
1
2
∫
d2σ λ (gˆ + Mˆrs ∗ Fˆr ∗ Fˆs) + qˆr
∫
d2σ ∗ dVˆr . (C.1)
Before adding the surface term, the field equation for Vˆr says that λMˆrs ∗ Fˆs is
a constant cr. After adding the surface term, one can effectively regard dVˆr as an
independent field and this identifies the constant cr with cr = −qˆr. Using the λ and
dVˆr equations of motion one obtains in the presence of the surface term the following
equivalent set of equations:
gˆ = −Mˆrs ∗ Fˆr ∗ Fˆs , λMˆrs ∗ Fˆs = −qˆr . (C.2)
The latter equation has the solution
λΦ = i eφˆ/2(τˆ qˆ1 + qˆ2) , (C.3)
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with qˆr = ǫrsqˆ
s and Mˆrs and τˆ defined in subsection 2.1. After integrating out both
vector fields, the action takes the form
S =
∫
d2σ
√
qˆrMˆrsqˆs
√
−gˆ + qˆr
∫
d2σ ∗ Bˆr . (C.4)
Since the string charges are quantised, we can write qˆr = T nˆr, where T is the string
tension and nr are integers. For pure NS-NS charge, nˆr = (1, 0), this action reduces
to the standard form (using Einstein frame)
S = T
∫
d2σ
√
−gˆs + T
∫
d2σ ∗ Bˆ , (C.5)
where gˆs is the metric in the string frame and Bˆ ≡ Bˆ1.
Instead of integrating out both vectors we can also integrate out only Vˆ2 and end
up with the D-string action. To get the DBI-form, we need to rewrite the action by
including the physical scalars via (2.5)
S =
1
2
∫
d2σ λ
(
detgˆ + e−φˆ(∗Fˆ1)2 + eφˆ(∗Fˆ2 + χˆ ∗ Fˆ1)2
)
+ qˆr
∫
d2σ ∗ dVˆr ,
=
1
2
∫
d2σ λ˜
(
det(gˆs + Fˆ1) + (∗Fˆ2 + χˆ ∗ F1)2
)
+ qˆr
∫
d2σ ∗ dVˆr , (C.6)
where gs is the metric in the string frame, λ˜ = λe
φˆ and we have used that (∗Fˆ1)2 =
((Fˆ1)01)
2 = detFˆ1. Integrating out λ˜ and Vˆ2 and putting (qˆ
1, qˆ2) = (0,−T ), i.e.
(qˆ1, qˆ2) = (T, 0), yields
S = T
∫
d2σ e−φˆ
√
−det(gˆs + Fˆ1)− T
∫
d2σ (∗Bˆ2 − χˆ ∗ Fˆ1) , (C.7)
which is the ordinary D-string action.
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